Objective: Dilated cardiomyopathy (DCM) leads to dilation of the cardiac chambers and congestive heart failure. Recent reports have associated mutations in the SCN5A gene, which codes for the major cardiac sodium channel Nav1.5, with DCM. Although DCM is the most common form of cardiomyopathy, no animal studies have established this functional connection.
Introduction
Dilated cardiomyopathy (DCM) is the most common form of cardiomyopathy and is the leading indication for heart transplantations [1] . The underlying cause of DCM is an initial weakening of the myocardium followed by marked adaptive dilation as a consequence of the compromised pump function. More than 20 genes are associated with DCM in humans, including structural proteins of the sarcomere that transmit the contractile force and proteins associated with Ca 2+ homeostasis [2] . Recently, mutations in ion channel genes have also been associated with DCM in humans. These include ABCC9, the gene encoding the subunit SUR2A of cardiac ATP-sensitive potassium channel [3] and SCN5A, which encodes the alpha subunit of the major Na + channel in the heart, Nav1.5. Previously, SCN5A has been implicated in conduction disturbances and other electrophysiological phenotypes [4] . Gain-of-function mutations in SCN5A can cause a variant of the long QT syndrome Cardiovascular Research 75 (2007) 498 -509 www.elsevier.com/locate/cardiores due to abnormal myocardial repolarization. Loss-of-function SCN5A mutations are associated with Brugada syndrome. These patients have a high risk for developing arrhythmia and sudden death, although their hearts are reported to be structurally normal [5] . Some recent reports have also implicated SCN5A mutations in DCM [6, 7] but the data are controversial because DCM may be secondary to longlasting atrial arrhythmia [8] or tachycardia-induced cardiomyopathy [9] . The Snail family of zinc finger proteins are transcriptional repressors that regulate genes associated with cell-cell adhesion, epithelial to mesenchymal transition [10] , and the transition to endoreduplication in trophoblast cells of the placenta, megakaryocytes and drosophila tissues [11] . Snail is expressed in the mouse embryonic heart during early intrauterine development [12] . In the present study, we discovered that transgenic mice expressing Snail in the postnatal heart show downregulation of the Scn5a Na + channel in the heart which in turn is associated with marked DCM in the absence of any arrhythmias.
Experimental procedures

Mice and genotyping
All experimental protocols were approved by the University of Calgary Animal Welfare Committee and followed the guidelines of the Canadian Council on Animal Care and conformed with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . The generation of MHC-Snail mice expressing the Snail cDNA under the control of the myosin heavy chain α promoter (TG [Myh6-Snai1]B10JCC) is described in Supplementary Material and Methods. They were genotyped by PCR using the primers 5′-CTTCCAGCCCTCTCTTTCTC-3′, 5′-CGTTTTCAGTTTCCGCAGTG-3′, amplifying endogenous Myh6 (450 bp) and 5′-CAGGTCGTGCAGACA-CAAGG-3′, representing Snail nucleotides 549-568, amplifying an 820 bp fragment of the Snail transgene with primer 5′-CTTCCAGCCCTCTCTTTCTC-3′. The PCR parameters were 30 s at 94°C, 30 s at 61°C and 60 s at 72°C for 30 cycles. Hemi-and homozygous MHC-Snail mice were genotyped by Southern blotting with a 1.67 kb alpha-MHC probe to a 6 kb endogenous or 7.4 kb transgenic BamHI fragment of genomic DNA.
Histology and immunofluorescence staining
Hearts were dissected, washed in PBS and frozen in liquid nitrogen. Cryosections were fixed in acetone for 10 min at − 20°C. Sections were incubated with a 1:100 dilution of primary antibody against Cx43 (C-6219, Sigma) for 1 hour at RT, washed with PBS and incubated with secondary antibody anti-rabbit Cy3-conjugated (Chemicon International) for 30 min, washed in PBS and mounted. Fibrosis in cardiac sections was determined by Masson Trichrome stain (HT 15, Sigma).
Electron microscopy
Left ventricles were dissected from hearts, minced and fixed in 2% EM-grade glutaraldehyde (Sigma), 2% PFA in 0.2 M sodium cacodylate (pH 7.4; Sigma) overnight at 4°C, and post-fixed in 1% osmium tetroxide (EM Sciences) in 0.2 M sodium cacodylate (pH 7.4) for 2h at 4°C. Tissue was dehydrated in increasing concentrations of ethanol up to 70%, treated in 2% uranyl acetate (ProSciTech) in 70% ethanol, and further dehydrated in increasing ethanol concentrations (70-100%). Tissue was treated with propylene oxide (EM Sciences) and resin embedded (EMBED 812 kit, EM Sciences).
Cell cultures and transfection
P19 mouse teratocarcinoma cells were cultured in αMEM plus 10% fetal bovine serum. Transient transfections were carried out using Lipofectamine (Invitrogen). Cells were plated at a density of 1 × 10 5 cells per well in 6 well dishes 24 h prior to addition of complexes containing 5 μl of lipofectamine and 4.2 μg of DNA (200 ng of pβActin-LacZ, 2 μg of P-+ 255, containing luciferase under control of a human Scn5a promoter segment from − 261 to +255 [13] , and the indicated amount of either pREP-mSna or pREPmSnaΔSNAG expression vector [11] . Fresh medium was added 3h post-transfection, and cells were harvested after an additional 45 h. Luminescence levels were measured with a luminometer using a kit (Promega) and were normalized to β-galactosidase activity. Values are reported relative to empty pGL3 vector and represent means ± SE for duplicate transfected dishes in 3 experiments.
Northern blot hybridization
RNA was extracted from whole hearts using Trizol (Invitrogen). RNAs were electrophoresed in MOPS/formaldehyde gels, capillary blotted, and UV-crosslinked onto nylon membranes (GeneScreen Plus, DuPont). Membranes were hybridized with random primed 32 P-labeled probes in hybridization buffer [14] at 60°C overnight. A probe for mouse Scn5a was amplified by PCR and consisted of bp 2823 to 3253 of the Scn5a cDNA [15] . The probe for GAPDH has been described previously [15] . The membranes were washed in 20 mM sodium phosphate buffer (pH 7.2) containing 1% sodium dodecyl sulfate at 65°C and exposed to X-ray film.
EMSA
Electrophoretic mobility shift assay was performed as described previously [11] using the oligonucleotides described in supplementary experimental procedures. 
RT-PCR
Reverse Transcriptase PCR was performed as previously described [16] , using primers and conditions for Scn5a, Scn1b, and Scn2b as described in a previous paper [15] .
Assessment of cardiac function by echocardiography
Echocardiograms (M-mode measurements) were obtained from conscious mice to assess systolic function, as previously described [17] . fractional shortening. N = 10 for WT, n = 9 for TG and n = 5 for TG/TG. Activation maps acquired using voltage-sensitive dye mapping during spontaneous sinus rhythm for a WT and a TG heart. Points colored red represent areas on the ventricle first to depolarize, while points colored purple depolarize much later in the activation sequence. The isochrones (contours) shown are drawn at 1 ms intervals. Note that isochrones in the TG heart are spaced considerably closer together than in the WT heart, indicating significantly slower conduction of the waves of cardiac depolarization in the ventricles.
Electrocardiogram (ECG) measurements
ECGs were collected from constrained, conscious 3-4 week old WT, single gene copy (TG) and double gene copy (TG/TG) mice. Each animal was placed in a small apparatus (QRS Phenotyping Inc., Calgary, Canada) that was designed so that its feet made contact with gel electrode pads. This allowed collection of Lead I ECGs. Characteristic ECG waves and intervals were identified, measured, and tabulated using a semiautomated pattern recognition program (QRS Phenotyping Inc.).
Isolated, perfused working hearts
Mouse hearts were isolated, perfused and measured as described previously [18] . 
Voltage-sensitive dye imaging
Voltage-sensitive dye imaging and data processing was performed as described previously [19, 20] .
Cardiomyocyte isolation and electrophysiology
Left ventricular myocytes were isolated from 3-4 week old WT and TG mice, using methods described previously [21] . Whole-cell patch clamp recordings of action potentials from isolated WT and TG myocytes were made as described elsewhere [21] . Voltage dependent Na + and K + currents were recorded as described in supplementary methods.
Statistics
Averaged values are expressed as mean ± s.e.m. Statistically significant differences between mean values were determined with either Student's t-test or a one-way ANOVA test, as appropriate. A p value of b0.05 was considered to indicate significance.
Results
MHC-Snail transgenic mice suffer from severe DCM and die from cardiac failure
We have made transgenic mice that express the Snail transcription factor in the heart (Supplementary materials and methods). This expression is driven by the myosin heavy chain alpha gene promoter which turns on shortly after birth [22] . Hemizygous TG mice are viable, fertile, have a normal lifespan and display no obvious phenotype. However, when TG mice were intercrossed to obtain double-transgenic mice (TG/TG), all of them died by 2 months of age and 50% were dead within 36 days (Fig. 1A) . Before death, TG/TG mice were smaller than their littermates, had laboured breathing and roughened fur, and were cyanotic. At necropsy, their hearts were enlarged with dilation of the ventricular chambers (Fig. 1B) . Ascites was observed in several cases. Histological analysis of mice sacrificed at 3 weeks of age revealed dilation and thinning of the ventricular walls (Fig. 1C) . Left ventricle wall thickness (LVWT), measured post mortem, was reduced in TG/TG mice (0.48 ± 0.06 mm) compared to wildtype (WT) (1.00 ± 0.02 mm) (p = 0.0013), while the left ventricle circumference was significantly increased (Fig. 1D ).
TG and TG/TG-mice develop a progressive DCM
The strong phenotype in TG/TG mice prompted us to more closely examine hemizygous TG mice. The left ventricle circumference was significantly increased at 3 weeks of age (Fig. 1D ) and this dilation became more prominent at both 3 months and 1 year of age (Fig. 1E) . Echocardiography showed that left ventricular diameter and volume was significantly greater in both TG and TG/TG mice at 3 and 5 weeks, while fractional shortening, as an indicator of cardiac performance, was unchanged in TG though was decreased in TG/TG mice ( Table 1 ). The isolated working heart preparation was used to obtain a more detailed assessment of cardiac mechanics (Fig. 1F) . Left ventricular volume increased almost two-fold in TG hearts compared to WT. Contractility, as determined by the slope of the endsystolic pressure-volume relation (ESPVR), was reduced by more than 50% (1.5188 ± 0.968 (n = 5) vs. 3.383 ± 0.0681 (n = 6), p b 0.05). However, stroke volume (width of the loop) was unaffected. This was confirmed by the unchanged fractional shortening and normal lifespan in TG mice. The rightward volume shift and decreased ESPVR slope are typical characteristics of DCM. Taken together, the data strongly suggested that the ectopic expression of Snail in the heart lead to progressive DCM, even in hemizygous TG mice.
TG mice have slowed cardiac conduction
DCM can cause conduction delays and arrhythmias. Both types of abnormalities can be detected using electrocardiogram (ECG) analysis. In these studies there was relatively little difference in the heart rate (RR interval) amongst the three types of mice. However the QRS complex was longer in TG and TG/ TG mice compared to WT ( Fig. 2A-C) . In addition, the PR interval, which is a measure of atrio-ventricular conduction time, was also longer in transgenic animals. Notably, no arrhythmias were detected during any of the recordings of TG or TG/TG mice. This is in accordance with the normal lifespan of TG mice and the fact that TG/TG mice die from progressive cardiac failure and not sudden death.
To assess ventricular activation and conduction in greater detail, the pattern and velocity of conduction in the left ventricle was measured. This was done using a voltagesensitive dye in Langendorff perfused hearts of two month old TG mice. Conduction was slower in TG hearts compared to WT (activation isochrones are more closely spaced) (Fig. 2D) . Specifically the 10-90% sinus rhythm activation time was more than doubled from 4.62 ms in WT (n = 6) to 11.55 ms in TG hearts (n = 6) (p = 0.02). This increase in activation time is consistent with the broadening of the QRS complex in the ECG. Together, these data demonstrate that ventricular conduction in TG and TG/TG hearts was significantly slowed.
The intercellular coupling of myocytes is not affected in TG mice
The observed conduction abnormalities could have been caused by microanatomical changes in the conduction system, compromised intercellular coupling, or an intrinsic defect in ventricular myocytes. It is known that mis-expression of connexins can impair the cardiac conduction system, causing conduction abnormalities and arrhythmia [23] . Real-Time PCR for Cx40, 43, and 45, the three connexins expressed in the mouse heart, showed that their mRNA expression levels were not altered in TG mice (Supplementary Table 1 ). Staining with an antibody against Cx43 showed no changes in expression within intercalated discs or myocardium (Fig. 3A) . Electron microscopy of myocytes from TG mice revealed no difference in intercalated disc structure (Fig. 3C) . Conduction delays can also be caused by progressive fibrosis [23] . However, the amount and distribution of collagen detected by MassonTrichrome staining in TG mice at 3 weeks (data not shown) or 1 year of age (Fig. 3B) was indistinguishable from WT.
Na + current is significantly reduced in TG hearts
In ruling out obvious changes in the cardiac conduction system or intercellular coupling, it was therefore likely that the phenotype was caused by a cell-intrinsic defect. This was tested by patch-clamping of individual cardiomyocytes. While there was no difference in resting membrane potential, TG myocytes showed a reduced overshoot of action potentials (Fig. 4A-C) . In addition, the maximum rate-of-rise (dV / dt max ) of action potentials was 2.6-fold lower in TG cells. The reduced upstroke rate of action potentials of TG myocytes, together with the broad QRS complex strongly suggested that the voltage-gated Na + current might be compromised. Voltage-clamp measurements of Na + currents were made in isolated WT and TG myocytes (Fig. 5A) . In WT myocytes, external [Na + ] was reduced from 140 mM to 10 mM in order to reduce Na + currents to magnitudes at which adequate voltage-clamp conditions could be achieved (Fig. 5B) . The TG cells could, however, be adequately voltage-clamped in 140 mM external [Na + ] (Fig. 5A,  B) . Direct comparison of the Na + current at 10 mM to that at 140 mM external [Na + ] in a TG myocyte showed an approximately 10-fold reduction in magnitude of the Na + current (Fig. 5C ).
Scn5a gene transcription is strongly repressed by the Snail transcription factor
The most likely explanation for the decrease in Na + current was a decrease of Nav1.5 expression since it is the major Na + channel. Indeed, microarray experiments showed that the gene that encodes it, Scn5a, was downregulated in TG mice (Supplementary Table 2 ). Northern blot and semiquantitative RT-PCR analysis confirmed reduction in Scn5a mRNA in both TG and TG/TG mice compared to WT (Fig. 6A, B) . The reduction in Scn5a mRNA was greater in TG/TG compared to TG mice and this correlated with the more severe phenotype. Expression of genes encoding the two β subunits that are known to bind to Nav1.5 [15] was increased in TG and TG/TG hearts (Fig. 6B ), in accordance with microarray data (Supplementary Table 2 ). This increase was greater in TG/TG compared to TG mice and could be a compensatory mechanism.
The human and mouse Scn5a promoters contain several E-box motifs [13, 24] , which are binding sites for Snail [11] . To test this possibility directly, a luciferase reporter gene under the control of a human Scn5a promoter fragment and a Snail expression vector were co-transfected into P19 cells. Snail caused a dose-dependent reduction in Scn5a promoter activity, while transfection with an inactive Snail protein lacking the repressor domain (ΔSNAG), showed no effect (Fig. 6C) . Oligonucleotides containing the sequences of two conserved E-box motifs were used in an electrophoretic mobility shift assay as competitors for binding to a known Snail binding motif from the muscle creatine kinase gene (MCK) [11] . Competitor oligonucleotides were generated for the mouse (M1, M2) and human (H1, H2) Scn5a promoter sequence, respectively. Snail was able to bind M2 and H2, but not M1 and H1 (Fig. 6D) . These data indicate that Snail can directly bind to and repress the activity of the Scn5a promoter.
Discussion
We have shown here that ectopic expression of the Snail transcriptional repressor in the heart leads to DCM. Using a combination of approaches we have been able to associate the ventricular pathology with downregulation of the major Na + channel gene in the heart, Scn5a. While previous studies in humans have linked mutations in SCN5A with DCM, our results are the first to establish a functional connection between loss of Na + channel function and severe DCM. While there are several mouse models that develop DCM, this is the first model to be described in which DCM is the primary pathology as a consequence of reduced expression of a Na + channel α subunit.
MHC-Snail transgenic mice are a unique model of DCM
The Snail transgenic mouse model has several unique features that distinguish it from other animal models. First, while mutations in most DCM-associated genes in humans and mice result in other pathologies, such as muscular dystrophy, hypertrophic cardiomyopathy, lipodystrophy or restrictive cardiomyopathy, the mice described here displayed no additional phenotype. So far, only mutations in metavinculin and phospholamban show no overlap with other inherited diseases [2] . Second, TG/TG mice display a rapid onset of DCM as has been reported for MLP mutant mice [25] . In contrast TG mice show a slow progressive form, as in TIMP-3 knockout mice [26] . Interestingly, no arrhythmias were detected in either TG or TG/TG mice, whereas patients with loss-of-function mutations in SCN5A display a variety of conductance abnormalities. Fibrosis is a major cause of conduction disturbances and arrhythmia and in humans, myocyte loss by apoptosis, necrosis, or other mechanisms is common in DCM [27] and leads to interstitial fibrosis. The lack of fibrosis in the TG myocardium could explain the lack of arrhythmia and makes this TG mouse a good model for studying early events in DCM.
Is DCM due to Snail-mediated downregulation of Scn5a?
In searching for the mechanism underlying DCM in the MHC-Snail transgenic mice, we have concluded that it is most likely due to downregulation of the Scn5a Na + channel. This downregulation is mediated by Snail binding to and repressing the Scn5a promoter. The marked reduction in Na + current and related decrease in the dV / dt of the action potential lead to slower and hence less synchronous activation of the ventricular myocardium. This primary electrophysiological defect could, in turn, reduce contractility. In support of this model, we have observed the broadening of the QRS-complex, other ECG changes, and downregulation of Scn5a expression as early as 2 or 3 weeks of age and therefore well before dilation of the heart chambers has developed.
We have concluded that the effect of the transgene is due to ectopic expression of Snail per se, and not to the transgene insertion having a mutagenic effect based on two lines of evidence. First, the reduction in Scn5a gene expression and Na + channel activity is 80-90% even in single-TG mice and further reduced in TG/TG mice. These data are not consistent with a simple genetic model in which the transgene insertion compromises function of the adjacent genes. Second, in our initial efforts to develop the MHC-Snail transgenic mice, we had three founders, two of which died at a few months of age showing signs of heart failure (Supplementary materials and methods). Genotyping showed that one mouse had 10 and the other 4 copies of the transgene integrated into a single locus, whereas the surviving founder had only two.
Snail acts as a transcriptional repressor and more than 10 target genes have been identified, most of them components of adherens and tight junctions [10] . While we cannot completely rule out the possibility that cell-cell junctions are affected in the heart of MHC-Snail transgenic mice, there are no obvious morphological changes in individual cardiomyocytes that would indicate this. The cardiac adherens junction protein N-cadherin is not repressed by Snail, and E-and VEcadherin, which are also targets of Snail, are not expressed in ventricular myocytes. Also, immunoflourescence staining for N-cadherin as well as β-catenin in TG hearts showed no differences compared to WT ventricular myocytes (data not shown). Members of the tight junction protein family are not expressed in the heart, which rules them out as possible Snail targets. Nevertheless there might be unknown targets of Snail, whose downregulation could cause DCM directly or indirectly. However, despite the fact that we do not have conclusive evidence, the data presented here is consistent with a direct downregulation of the expression of the major Na-channel Scn5a by Snail.
Human mutations in SCN5A and heart disease
Mutations in SCN5A that cause a decrease in Na + current are found in patients with Brugada syndrome and Lenègre disease. Brugada syndrome is characterized by an ST segment elevation in the right precordial ECG leads V1-V3, and a high incidence of sudden death caused by ventricular fibrillation [28] . Notably, patients with Brugada syndrome have structurally normal hearts. About 20% of all patients diagnosed with Brugada syndrome harbour mutations in SCN5A that cause a loss of channel function via different mechanisms [29] . Lenègre disease is associated with mutations in SCN5A in which the Na + current is decreased in cardiomyocytes leading to a conduction defect that is progressive and develops along with age-related myocardial fibrosis.
Recently reports have suggested a connection between mutations in SCN5A causing conduction disease and DCM [6, 7] . In one study a D1275N mutation was identified in individuals with DCM [6] . Mutant channels were shown to activate at more positive voltages, which could result in reduced excitability of the myocytes [30] . However the authors could not determine whether DCM is a direct consequence of SCN5A mutation or is caused by chronic arrhythmia. In a second study with the same plus additional families, the D1275N mutation was confirmed and 4 different additional mutations in SCN5A were identified [7] . Of all individuals with a SCN5A mutation, 38% had overt DCM and 27% had early features of DCM. All of the mutations described in this report (D1275N, T220I, R814W, D1595H and 2550-2551 insTG) caused a reduction in Na + -current. A recent paper based on a large Finnish family reported that the D1275N mutation is associated with cardiac conduction defects and atrial arrhythmia [31] . Dilation of ventricles was seen in only 4 out of 10 carriers. However, the mean age of the patients in this study was 27.6 years while the mean age at diagnosis of DCM in patients studied by McNair and by Olson was 47.9 years [7] , implying a late onset of DCM. In another report it was shown that carriers of Scn5a mutations (R376H, R1023H, R1644C, I1968S) with structurally normal hearts and an average age of 44.8 years demonstrated cardiomyopathic changes such as myocardial cell degeneration and apoptosis [32] . This suggests a myocyte-intrinsic effect of certain SCN5A mutations that causes cardiomyocytes to lose their normal contractility and/or undergo cardiomyopathic changes, which in turn leads to dilation. In humans, it is very likely that this process takes several years and therefore does not necessarily manifest as DCM at the point of initial diagnosis of Brugada syndrome.
Functional links between Scn5a and DCM
In our mouse model, the Snail transgene is not expressed until birth, and therefore its effect is limited to latedevelopmental suppression of Scn5a expression. It therefore gives us a unique perspective on Scn5a function that is different from those gained from Scn5a knockout mice. Scn5a homozygous mutant mice have morphological abnormalities in the ventricular chamber and die around embryonic day 11.5 due to cardiac standstill [33] . Heterozygous mutant mice are viable and have a normal lifespan. However, cardiomyocytes from Scn5a heterozygous mutant mice have a 50% reduction of their cardiac Na + conductance, which causes impaired myocardial conduction in vitro. Aging Scn5a heterozygous mutants show progressive, agerelated slowing of conduction, myocardial fibrosis, and changes in connexin expression [34, 35] , to some extent resembling Lenègre disease. These results from mutant mice as well as the data from patients carrying a loss-of-function mutation in SCN5A indicates that a 50% reduction during development has no effect on the gross morphology of the heart, but leads to conduction slowing and arrhythmia. It is possible that DCM is not observed in Scn5a heterozygous mutant mice, unlike some human patients with SCN5A mutations, simply because the lifespan of mice is not long enough for them to develop the pathology [33] .
In our MHC-Snail transgenic model we have observed 10-fold reduction in Na + current in juvenile and adult TG mice. The reduction is even more prominent in TG/TG mice. We were surprised that the MHC-Snail transgenic mice survive as long as they do, given the severity of the Na + channel defect and the fact that Scn5a null mutants are embryonic lethal. It may be that the late onset of the Snail expression delays the reduction in Scn5a until after the critical developmental period. Alternatively, the low level of Scn5a expression may just be enough to allow survival. Nonetheless, dramatic low-level expression of Scn5a leads to severe conduction defects and DCM in our mouse model. There is one report of compound heterozygosity for two different SCN5A mutations in humans that reduced the Na + current to 5-10% [36] . In this case report two affected individuals inherited the W156X nonsense-mutation from the father and the R225W missense mutation from the mother. One individual died at 1 year of age due to intractable arrhythmia and an autopsy revealed severe DCM with myocardial fibrosis. The other individual displayed tachycardia after birth and broadening of the QRS-complex but recovered after β-blockade. However, conduction slowing progressed during the life of this individual.
Collectively, our data indicate that reductions in SCN5A function are associated with DCM. In addition though, it is clear that the level of the reduction of Na + current in cardiomyocytes is critical for the phenotypic outcome, varying between no changes, mild conduction delays, arrhythmia, or DCM. Also studies of these mice revealed a temporal connection between a reduction of Na + current and the time-course of the progressive DCM. The greater the reduction in Na + current, the faster the onset and progression of DCM, as seen in TG/TG mice, which develop a phenotype as early as 2 weeks of age and die within the first two months, while TG mice with a 90% reduction in Na + current have a normal lifespan. Extrapolated to humans, this would indicate that a reduction of 50% of Na + current, as seen in loss-offunction mutations in Brugada syndrome, would probably need several years to cause an obvious DCM. This is consistent with the late onset of DCM (average 47.5 years) in some patients with Scn5a loss-of-function mutations [6, 7] . This means at least that DCM has to be taken into account as a possible long-term complication in patients with Brugada syndrome who are initially diagnosed with conduction defects. In addition, it is clear that Na + channel function and SCN5A expression should be considered as potential underlying mechanisms for DCM.
